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Abstract
The beam-beam effects observed in LEP in its various op-
erational modes are reviewed. Special emphasis is put on
effects relevant for the LHC. This includes orbit effects,
crossing angle and PACMAN effects.
1 INTRODUCTION
LEP as a electron positron collider is very different from
the LHC. The strong damping at its highest energy of
94.5 GeV allows beam-beam strength parameters up to
0.075, i.e. approximately 20 times larger than the expected
values for the LHC of around 0.0034. Since the two beams
in LEP have unlike signs, the travel in the same vacuum
chamber on (a priori) identical orbits with some conse-
quences for beam-beam effects. However, LEP was ran
in various modes of operation and some of the features can
be found again in the LHC, such as:
• Parasitic crossings for all modes of operation
• Orbit effects due to beam-beam kicks
• Effects from bunch trains
• PACMAN effects due to different types of beam-beam
interactions
• Strong-strong beam-beam effects
• Coherent beam-beam effects
• Crossing angles
One can therefore hope that the concepts developed and
tested for LEP can be applied to the LHC.
2 LEP AND LHC PARAMETERS
The most important LEP parameters are shown in Tab.1.
While the vertical emittance of LEP is 0.3 nm ( = σ2β )
and therefore comparable to the LHC value at 7 TeV, the
horizontal emittance is determined by the equilibrium be-
tween synchrotron radiation and damping and is much
larger at the highest energy (25 nm). Together with the
nominal β-functions at the interaction point this results in
very flat beams. The damping times at 94.5 GeV are a few
ms, compared to approximately 24 hours for the LHC. This
allows much larger beam-beam tune shifts. In LEP values
up to ξx = 0.05 in the horizontal and ξy = 0.07 in the
Table 1: LEP parameters at high energy in collision
Energy 94.5 GeV
x (= σ2/β) ≈ 25 nm
y ≈ 0.3 nm
βx, β

y 1.25 m, 0.04 m
σx ≈ 180 µm
σy ≈ 3.5 µm
Intensity ≈ 4.0·1011/bunch






vertical plane have been seen for the beam-beam strength
parameters, resulting in tune shifts of 0.04 and 0.05 respec-
tively. A consequence of these large values are a strong
distortion of the optics [1] and a large required space in
the working diagram. Since the damping time decreases
rapidly for increasing energy, one expects higher beam-
beam parameters at the highest LEP energy and therefore
the highest luminosity. While LEP was clearly beam-beam
limited at 45.6 GeV and ξy only slightly exceeded 0.04
such a limit is not yet observed for LEP at high energy. This
is demonstrated in Fig.1 where the vertical beam-beam pa-
rameters calculated from the luminosity are shown as a
function of the decreasing total beam current for one of the
best LEP fills in 1998. The beam-beam strength decreases
linearly over the whole range and no sign of saturation is
observed. This demonstrates that LEP at highest energy is
not beam-beam limited in the classical sense, although the
performance may be limited due to other reasons related to
beam-beam effects [1].
3 MODES OF OPERATION
LEP is operated with four experiments and therefore the
bunches have to be separated at unwanted crossings when-
ever more than two bunches per beam are used. At injection
the separation is required at all interaction points. As long
as the beam-beam limit is not reached, it is favourable to
operate with the minimum number of bunches and the high-
est possible bunch intensity. This is therefore the optimum
choice for LEP near 100 GeV. At lower energy it is nec-
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Figure 1: Vertical beam-beam strength parameter as func-
tion of total current for best LEP fill in 1998. Four bunches
per beam at 94.5 GeV.
essary to distribute the total current into more bunches and
different schemes have been used in the past years, such as
horizontal pretzel scheme and bunch trains. These differ-
ent modes of operation have their relative merits and some
basic considerations and experience can be applicable to
LHC.
3.1 Operation with four bunches
The experiments are situated in the even interaction points
according to the LEP numbering scheme and all odd col-
lision points require separation at all times. For the origi-
nal scheme with four bunches per beam this was achieved
with local vertical separation around the interaction points,
provided by electrostatic separators which form closed or-
bit bumps of opposite sign for the two beams. While the
separation in the odd points has to remain at all times, the
separation bumps in the experimental regions are switched
off for physics data taking. At injection LEP has therefore
8 parasitic encounters and during collision 4 head-on colli-
sions as well as 4 parasitic encounters with vertical separa-
tion. The typical separation is around 25 times the horizon-
tal r.m.s. beam size, depending on the optics used. The in-
tegrated parasitic tune shift in the horizontal plane is around
0.01 and 0.0025 in the vertical plane. For the required
separation only empirical criteria could be applied. Run-
ning with four bunches per beam in the early stage of LEP
at 45.6 GeV where LEP was clearly beam-beam limited
we have reached beam-beam parameters around 0.025 for
bunch currents of 250 µA. At the highest possible energy in
1998 of 94.5 GeV, the best performance was ξ = 0.07 for
750 µA per bunch. In physics data taking conditions only
the odd interaction points contribute to the parasitic beam-
beam effects. The (constant) dipolar kick from these par-
asitic interactions was clearly observed in an early stage.
The resulting orbit change at the collision point requires
correction by adjusting the voltages on the separators. A
change of the integer part of the tune required a polarity
change of the separation since a partial cancellation was
changed into accumulation of the effects of the four points,
resulting in rather large offsets and required corrections.
The beam-beam kick of slightly offset beams at the colli-
sion points is regularly used to ensure the head-on collision
of the bunches with beam-beam deflection scans.
3.2 Operation with horizontal pretzel
In 1993 and 1994 LEP was operated with eight bunches per
beam, separated by a horizontal pretzel at the unwanted en-
counters [2]. The pretzel orbits extended over the LEP arcs
and the beams were not separated in the straight sections.
The separation scheme in the eight interaction points was
therefore not modified. This allowed to operate with eight
equidistant bunches per beam. Typical separation at the
encounters in the arc was maximum 20 mm, corresponding
to approximately 12 times the horizontal r.m.s. beam size.
The integrated parasitic tune shift in the horizontal plane
was around 0.020 and 0.004 in the vertical plane. Various
tests to determine the required separation were not fully
conclusive and only empirical criteria were applied.
Due to the increased operational experience and the use
of ”golden orbits” we obtained large beam-beam parame-
ters close and slightly above 0.04 at 45.6 GeV, correspond-
ing to 350 µA per bunch. At injection it was observed
that the head-tail instability was enhanced by the presence
of beam-beam effects. In particular the crossings in the
middle of the arc where the dispersion is finite seemed to
strongly enhance this instability[3].
A feature of a scheme where beams are separated is a
splitting of parameters such as tune and chromaticity be-
tween the two beams. Such parameter splits have been
predicted and observed and limit the operation since they
reduce the available parameter space. Such effects, how-
ever within a single beam, must be expected for the LHC
[4].
3.3 Operation with bunch trains
To allow more than eight bunches per beam, a bunch train
scheme was developped and installed in LEP [5, 6]. The
basic idea is to start from the original four bunch scheme
and to replace a single bunch by a short train of bunches.
This requires a local separation at the unwanted collisions
around the nominal collision point. A horizontal crossing
angle was abandoned for background considerations and a
local vertical separation was installed, using already exist-
ing separators in the interaction area. The separated orbits
of electrons and positrons around an experimental region is
shown in Fig.2. While the central collision is head-on, the
parasitic encounters have to be accommodated inside the
separation bumps (Fig.2). This determines the parameters
such as bunch spacing and number of bunches per train.
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Figure 2: Vertical separated orbits for bunch train opera-
tion around IP 4 for 45.6 GeV and central collision
spaced by 87 RF wavelengths, i.e. three parasitic collisions
have to fit into the separation bumps on each side.
The left half of such a bump in an experimental region
is shown again in Fig.3 together with the position of the
parasitic encounters and the separation, normalized to the
local horizontal beam size σx. The central collision point
is at the right hand side of the figure and the horizontal










Figure 3: Vertical separated orbits and normalized separa-
tion for bunch train operation around IP 4
Table 2: Separation and parasitic beam-beam strength ξ
for parasitic collisions around IP 4 (for: x = 30 nm,
Ib = 500 µA)
3 2 1
d/σx ≈ 8 ≈ 15 ≈ 4
ξx (10−3) ≈ 0.8 ≈ 0.2 ≈ 3.6
ξy (10−3) ≈ -4.8 ≈ -0.7 ≈ -0.3
shows the situation when the bunches collide in the centre
and for 45.6 GeV. For injection, the central collision has
to be separated as well, imposing some constraints on the
choice of the separation scheme. It further has to allow the
fine adjustment of the head-on collision. Contrary to the
four bunch case, the separation bumps cannot be switched
off during physics fills. The separation and the parasitic
beam-beam tune shift is summarised for the three parasitic
collisions in Tab.2. A horizontal emittance of 30 nm and
a bunch current of 500 µA was used for the calculation.
It is shown that in particular the outmost collision point
gives the largest vertical tune shift while the other encoun-












Figure 4: Vertical separated orbits and normalized separa-
tion for bunch train operation around IP 3
Table 3: Separation and parasitic beam-beam strength ξ
for parasitic collisions around IP 3 (for: x = 30 nm,
Ib = 500 µA)
3 2 1 0
d/σx ≈ 13 ≈ 25 ≈ 8 ≥ 20
ξx (10−3) ≈ 0.3 ≤ 0.1 ≈ 0.7 ≈ 0.1
ξy (10−3) ≈ -0.2 ≈ -0.5 ≈ -0.2 ≈ -0.1
show the bump and tune shifts for a typical unused (i.e.
odd) interaction region. The interaction at the central col-
lision point is now also avoided. The separations are gen-
erally larger and the tune shifts smaller than for the experi-
mental (even) regions. We therefore expect more problems
from the parasitic encounters in the even than in the odd
points.
Interaction schedule For four equal bunches and a
high degree of symmetry of the optical layout of LEP, all
bunches experience practically the same beam-beam ef-
fects. For not equally spaced bunches or finite bunch trains
the interaction schedule can become rather complex. The
extreme case of LHC with closely spaced bunches and gaps
of different sizes leads to so-called PACMAN bunches [4]
with a very complicated interaction schedule. The scheme
with bunch trains in LEP shows a similar behaviour, al-
though with fewer bunches. While the first bunch of a train
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has a head-on collision followed by the three parasitic en-
counters shown in Fig.3, the second bunch will first expe-
rience a parasitic encounter on the incoming side, followed
by the head-on collision and two parasitic encounters on
the outgoing side of the interaction point. Similar consid-
erations can easily be made for all bunches of a train. As a
consequence of this schedule every bunch of a train has a
different sequence of beam-beam interactions and therefore
experiences different effects. Some bunches may have very
unfavourable encounters, e.g. those with small separation,
and are likely to be most sensitive to instable behaviour.
One can therefore identify at least four different classes of
bunches according to their beam-beam interactions, show-
ing a ”PACMAN-like” effect within the beams. In addition
to the differences within a train, a residual non-closure of
the separation bumps due to imperfections or energy mis-
match causes a global offset that needs correction at each
interaction point and can cause additional parameter splits
between the beams.
Offsets and orbit separation The beam-beam kicks
of the parasitic interactions distort the orbits of the indi-
vidual bunches and since the collision pattern is different
for different bunches, the orbits of all bunches are slightly
different. As a consequence, the orbits at the interaction
points are different and the bunches collide with a small
offset. In the design of the bunch train separation scheme
care was taken to make use of possible compensation ef-
fects to reduce these unwanted offsets [5, 6]. However,
small offset of the order of µm are unavoidable. Further-
more, the orbit at the parasitic counters itself is changed
by the beam-beam kicks and a self-consistent calculation
is required to give the correct answer. A program was de-
velopped [7] to compute the individual orbits of all bunches
in a train and the relevant parameters, such as tune, chro-
maticity, dispersion, offsets and crossing angles. The orbit
Table 4: Orbit offsets and separation (at central collision
point) for 300 µA per bunch at 45.6 GeV
a b c d
e+ [µm] +5.75 +1.10 -1.65 -0.30
e− [µm] +0.30 +1.65 -1.10 -5.75
d [µm] +5.45 -0.55 -0.55 +5.75
offsets and resulting separation of a train with four bunches
is shown in Tab.4 for an experimental interaction point.
A antisymmetry between the forward and backward beam
can be observed as expected. The calculated separation
amounts to more than the vertical r.m.s. beam size and it is
clear that it is impossible to adjust the collision such that all
bunches of a train collide head-on. The above example was
computed for 45.6 GeV and bunch intensities of 500 µA,
i.e. above what was actually achieved, but demonstrates


































































































Offset a  0.96+- 0.13
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Offset c 12.55+- 0.18
Offset c  2.05+- 0.30
Offset c  5.26+- 0.35
Offset c  0.61+- 0.17
Offset b 13.59+- 0.13
Offset b  2.84+- 0.23
Offset b  4.93+- 0.15
Offset b  1.13+- 0.15
Offset a 12.92+- 0.15









-7.9 -2.5667 2.7667 8.1



























































-6.1 -0.7667 4.5667 9.9
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Figure 5: Result of separation scans for three bunches per
train
a vertical separation scan with simultaneous measurements
of the luminosity for three bunches per train, the preferred
operational scenario in 1995. The maximum luminosity,
i.e. full bunch overlap, is reached at different vertical posi-
tions for the three bunches within a train, in full agreement
with the calculation.
For four bunches per train this information is not avail-
able since most of the time LEP was operated with three
bunches per train, i.e. 12 bunches total. This small offset
proved to be an important performance limitation and the
best tune shifts obtained were always smaller than in pre-
vious years, leading to a performance that was lower than
expected. Nevertheless, the optimization of the bunch over-
lap was essential for a good performance. It should be men-
tioned, that from symmetry considerations a running with
two bunches per train is most favourable since the symme-
try of the collision is fully restored and both bunches of the
train can be collided head-on, although possibly in different
vertical position.
In the LHC the calculation of self-consistent orbits
would be necessary for almost 3000 bunches and it is
not obvious whether this is feasible nor whether a self-
consistent solution exists.
Tune and chromaticity splits Once the self-consistent
orbits were calculated, this information was used to com-
pute the tune and chromaticity of the individual bunches in
a train. The result is summarized in Tab.5 where q indi-
cates the fractional part of the tune and Q’ the chromatic-
ity. The example was computed for 300 µA per bunch and
45.6 GeV and four bunches per train. The maximum tune
difference was up to 0.010 and the chromaticity difference
0.41 units in the vertical plane. This is a significant limita-
tion to the operational parameter space for the optimization
of the performance.
When the machine was operated with four bunches per
train, some bunches always had a lower life time, usually
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Table 5: Fractional tunes and chromaticities are split in-
side a train for 300 µA per bunch at 45.6 GeV
a b c d
qx 0.3548 0.3612 0.3613 0.3547
qy 0.2127 0.2235 0.2234 0.2133
Qx’ 0.4526 0.5000 0.5025 0.4848
Qy’ 0.1872 -0.2218 -0.2259 0.0053
those who experienced a beam-beam interaction at small
separation. This was confirmed in dedicated tests.
4 COHERENT EFFECTS
Coherent beam-beam modes were frequently observed in
LEP and due to the large beam-beam strength parameter
the separation between the main modes, i.e. the σ- and pi-
mode is rather large allowing only a limited area in the tune
space. Some background problems experienced in 1998
were attributed to the excitation of the horizontal pi-mode
near the half integer resonance. A clear demonstration of
the two principal modes is shown in Fig.6 [8]. The tune
Figure 6: Demonstration of coherent beam-beam modes in
LEP
spectra of two colliding bunches were recorded separately
and the sum of the spectra is plotted. From the top to the
bottom of the picture the phase of one spectrum is shifted
in steps of one degree from zero to 360 degrees and the
sum signal is shown. For zero and 360 degrees this cor-
responds to an in-phase signal and the σ-mode should be
observed. For a phase difference of 180 degrees the out-of-
phase signal corresponds to the pi-mode. Both modes are
very clearly visible, a clear demonstration that the modes
observed at the corresponding frequencies can be associ-
ated to an in-phase and an out-of-phase motion of the two
bunches.
A coherent quadrupole mode was observed once at LEP,
however was never reproduced afterwards.
5 CONCLUSION
Amongst the numerous information on beam-beam effects
we have obtained at LEP, some are of importance for the
evaluation of LHC beam-beam effects although a quanti-
tative application is not possible. The orbit effects caused
by beam-beam kicks have been identified as a severe prob-
lem. A self-consistent treatment was vital to understand the
observations quantitatively and the PACMAN like effects
have limited the performance. The experience has shown
that parameter splits between the beams or the bunches
within a beam must be kept as small as possible and self-
compensation of these effects must be used wherever pos-
sible in the design process.
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